A risk reduction program was developed after debris-flow disaster analysis is conducted using mitigation structures, evacuation measures and community restrained expansion strategy. The risk assessment method delineates hazard zones and analyzes vulnerability and the resilient capacity of an affected area, allowing the prediction of losses of properties and lives, and the corresponding risk. It can also be used to evaluate performance of a risk reduction program. The proposed method was applied to the Songhe community as a case study to assess debris-flow risk and performance of reduction programs consisting of mitigation structures, evacuation measures and a restrained expansion strategy. Total annual risk decreased to $0.01 million from $0.72 million for the No. 1 Torrent and to $0.36 million from $1.22 million for the No. 2 Torrent after mitigation structures were installed, and evacuation measures were implemented based on restrained expansion. Although mitigation structures are costly, they can reduce the size of hazard zones. Delimitating the Designated Soil and Water Conservation Area restrains community expansion and decreases possible losses. Although evacuation measures cannot reduce the size of hazard zones, they effectively increase the resilient capacity of residents. The benefit-cost ratio for mitigation structures exceeds 1.0 for both torrents with an average of 3.87; the benefit-cost ratio for evacuation measures is markedly greater than 1.0. Combining mitigation structures and evacuation measures increases the total benefit with a benefit-cost ratio of 4.38. Analytical results showed that the risk reduction program is cost-effective.
Introduction
Due to its steep topography, fragile geology, seismic activity, and rapid development in mountainous regions, Taiwan is often affected by debris flows. On 21 September 1999, a strong earthquake (M L =7.3) with an epicenter in Chichi devastated Central Taiwan and triggered numerous landslides (Chen and Wu, 2006) . After the earthquake, the susceptibility of the affected areas to debris flows increased, as heavy rainfall during typhoons or storms causes large landslides of loosened soil . Although most debris flows occur in mountainous regions, they also pose a serious threat to foothill or alluvial fan communities and often result in loss of life and property damage. Due to the uncertainties associated with natural disasters, implementation of risk reduction programs before disasters occur is necessary to minimize losses. In this study, we discuss the risk reduction program consisting of mitigation structures, evacuation measures and a restrained expansion strategy. The objectives of installing engineered mitigation structures are to protect residents and their properties from debris flows and to reduce the size of hazard zones (i.e., deposition zones). The objectives of implementing evacuation measures are to increase the resilient capacity of residents and to decrease loss of life. The restrained expansion strategy indicates that the buildable land in hazardous areas cannot be developed as buildings; instead, it can be used as farmlands. In summary, the objectives of delimiting the Designated Soil and Water Conservation Area are to restrain community expansion and to avoid the possible losses that can increase as the community develops. Risk analyses that account for the inherent uncertainty of debris flows and cost-benefit analyses are required to prioritize prevention tasks in reduction programs. To satisfy this requirement, this work presents a risk analysis method and then applies it to debris flows.
Risk can be defined as the expected number of lives lost, persons injured, damage to property, and disruption of economic activity due to a natural phenomenon for a given area within a specified period (United Nations, Department of Humanitarian Affairs, 1991) . Mathematically, risk can be considered as the product of the probability of occurrence and expected loss (Tobin and Montz, 1997) . Deyle et al. (1998) argued that risk has two measurable components: (1) the magnitude of harm that may result and (2) the likelihood or probability of harm occurring at any location within any specified period. According to the ISDR (2002), risk can be represented by a function for naturally induced hazards, corresponding vulnerability and capacity. The function incorporates resilient capacity as a component to account for risk reduction potential via proper management techniques such as educating residents about disaster prevention and implementing evacuation drills.
Defining risk level is important for prioritizing disaster prevention tasks and providing a reference for setting the goals of risk management programs. Various methods have been proposed to determine risk level. Liu and Lei'(2003) assessed the regional hazard for debris flows based on gully density, mean annual rainfall, and the percentage of cultivated land on steep slopes. They also estimated vulnerability based on fixed assets, gross domestic product, land resources, and population density as well as inhabitant age, education level and wealth. Although this method is a reasonable risk assessment tool for an entire region, it cannot be applied to assess the risk of individual torrents. Additionally, it cannot determine the monetary value at risk. Remondo et al. (2008) developed a quantitative procedure for mapping landslide risk based on the hazard, the vulnerability and the values of exposed elements. In their analysis, landslide frequency for the next 50 years was estimated using historical landslide records, and vulnerability was estimated by comparing losses with the actual values of affected elements. Their analytical results were then presented in a risk map. Zêzere et al. (2007) analyzed landslide risk and evaluated direct and indirect costs resulting from a road disruption caused by slope movement. In their analysis, landslide hazard maps were developed based on a scenario for landslides in the next 27 years. The potential cost due to road disruption was estimated using a pragmatic-oriented approach. These two methods assessed risk in terms of monetary value, which can be compared with the cost of preventive measures. However, the resilient capacity of residents was not considered.
This work assesses risk by considering the probability of the occurrence of debris flows, the expected loss, and the resilient capacity, with the vulnerability and the values of elements at risk included in the expected loss calculation. During analysis, an affected area can be classified as a red or yellow hazard zone based on sediment deposition depth. Annual rainfall data are used to establish the probability of the occurrence of debris flows. Annual risks are expected losses divided by recurrence intervals and are related to the investigation period. Losses of property and lives are incorporated into a vulnerability analysis. The representative value and the damage factor for individual elements at risk are used to predict property losses. The vulnerability of residents in buildings can be included to quantify the lives lost. Community resilient capacity, measured by "disaster resilient capacity of residents" (abbr. "Resident Capacity") and "community resources for disaster resilience", (abbr. "Community Resources") is estimated based on the results of resident questionnaires and community checklists. Finally, maps of expected property loss and expected total loss are developed to show their spatial distribution. Risk reduction programs should be prioritized based on benefit and cost analysis results.
Debris flows occurred in 2000, 2002, 2004 and 2005 in the Songhe community, Taichung County, Taiwan. The debris flow in 2004 caused by Typhoon Mindull was particularly severe and buried 30 houses, killing four people (Soil and Water Conservation Bureau, 2005) . Since 2001, several integrated mitigation structures have been implemented. Two disaster prevention education and training plans, including evacuation drills in 2000 and 2005, were held in the Songhe community. We chose this community for our case study to demonstrate the application of the proposed method.
Methodology

Hazard analysis
The relationship between the frequency and the intensity of a hazard event can be established from observed data. In reality, data characterizing most natural hazards are insufficient for such a derivation using an empirical approach. Therefore, new approaches are needed to overcome the difficulties associated with insufficient data. For instance, because heavy rainfall is the main cause of debris flows, rainfall frequency and intensity are represented by frequency/intensity classes, and debris flows are represented by movement classes. Forte et al. (2005) established nine indices for hazard degree based on three classes of rainfall intensity and three classes of rainfall frequency. Similarly, Cardinali et al. (2002) proposed that the degree of landslide hazard depends on landslide frequency and intensity. Therefore, they characterized landslides using four frequency classes and four intensity classes; the intensity classes were based on observed volume and velocity.
Several studies have reported that the deposition depth and maximum velocity of debris flows affect the hazard level. Rickenmann (2001) simulated debris flows for return periods of 10, 100 and 1000 years and classified the affected area into high, medium and low hazard zones based on deposition depth and maximum velocity; the delineation criterion was related to the legal situation in Switzerland. Fiebiger (1997) described how the Federal Forest Technical Service of Torrent and Avalanche Control, Austria, classifies hazard zones. h is deposition depth; v is velocity.
The events with return periods of 10 years and 150 years were first simulated, and high and low hazard zones were then delineated based on simulated deposition depth; the delineation criterion was related to the Forest law in Austria. Tang et al. (2006) investigated debris flows in a basin in China and delineated hazard zones based on observed deposition depths and velocities. Huggel et al. (2006) delineated high and low hazard zones based on deposition depth (Table 1) .
In this study, we used only deposition depth as an input parameter for hazard levels. The hazard zones with deposition depths greater than 0.5 m were designated as red zones, whereas those with deposition depths less than 0.5 m were yellow zones. There are several reasons for choosing a deposition depth of 0.5 m as a separation point. The first is that the major type of debris flow in Taiwan is stony debris flow, and residents cannot move about when coarse particles are deposited above the knee. Therefore, the separation point was chosen based on the average knee height of residents, i.e. 0.5 m. The second reason is that the observed property losses were much higher when deposition depths exceeded 0.5 m because most pieces of furniture are located within 0.5 m a.g.l. Another reason is that crop losses increased remarkably when deposition depths exceeded 0.5 m in farmlands. Additionally, one of the reasons for only considering deposition depth (and not flow velocity) as an input parameter is that the observed losses of houses, which are generally built with reinforced-concrete in Taiwan, were mainly caused by debris depositions but not house breaks. Another reason is that flow velocities can be recorded in simulation processes but cannot be observed in the field.
The FLO-2D model (O'Brien et al., 1993) was used to simulate the deposition of debris flow torrents. Although the scale of debris flows depends on precipitation and available transport sediment, only precipitation was used as a proxy in the FLO-2D model because of the difficult question of whether sediment will be (re) mobilized. The steps for beginning a simulation with FLO-2D, which include obtaining topographic data and developing flood hydrology, were proposed by Bertolo and Wieczorek (2005) . Since an inflow flood hydrograph was required, a triangular hydrograph was used to simplify the process, and the peak discharges were evaluated using the rational formula based on small areas of watersheds (Pilgrim and Cordery, 1993) . Related parameters were calibrated with a trial-and-error procedure comparing field surveys. It is worth nothing that the recurrence interval of a debris flow is the reciprocal of the occurrence probability. Therefore, annual risks can be calculated as expected losses divided by the recurrence interval for events with 5-, 10-and 50-year return periods.
Vulnerability analysis
Vulnerability is the threat or harm to residents and property posed by a disaster. In this study, vulnerability was defined as the expected degree of loss with a value in the range of 0 to 1 for an element at risk as a consequence of a certain event. Several methods have been proposed to simplify this complex analysis. For example, Cardinali et al. (2002) estimated vulnerability by inferring the relationship between the intensity and the type of expected landslides as well as the probable damage that landslides would cause to 11 risk elements. The expected damage to the elements was classified as superficial, functional or structural. However, this approach, which is a type of qualitative analysis, did not suggest any vulnerability values in the risk assessments. Forte et al. (2005) used nine classes of vulnerability to classify elements at risk. Each class had one fictitious multiple of three indices so that vulnerability was numerically defined by the values. However, this approach, which is a type of semiquantitative analysis, can express the comparative susceptibility of elements at risk but cannot express absolute susceptibility. Fuchs et al. (2007a) established a relationship between debris flow intensity and the vulnerability of buildings constructed of bricks and concrete. The mean vulnerabilities for intensity classes of 0.5, 1.0, 1.5, 2.0, and 2.5 m were taken to be 0.02, 0.03, 0.21, 0.45, and 0.52, respectively. This approach suggested a second order polynomial function relationship between debris flow intensity and vulnerability and supported an enhanced standardization of the vulnerability function. The vulnerability value depends on deposition depth and the susceptibility of an exposed element. To assess loss, damage factors from Team KNU (2005) can be adopted to represent the average ratio of actual losses to the values of elements in the red and yellow hazard zones in this study. The product of damage factor and the value of an element is the average loss over several disasters of the same scale, and this knowledge allows us to carry out a quantitative risk analysis. Table 2 shows the proposed damage factors for elements at risk in the red and yellow hazard zones.
Only losses of property and human life were considered in our risk analysis. Indirect losses and intangible losses caused by disasters were ignored. To estimate property loss, a GIS land-use layer was established by digitizing aerial photographs of an affected area. Land-use was classified based on the types of risk elements, such as houses, farmland, forestland, roads, bridges and rivers. Additionally, GIS was used to determine the representative values of individual elements for calculating property loss.
In this study, house values were defined as the values assessed by the taxation bureau; farmland values were estimated based on area, annual production per unit area, and market values of agricultural products; forestland values were estimated based on area and the value per unit area assessed by Forestry Bureau; road values were estimated based on published cost data for new roads; bridge values were taken at $746/m 2 as proposed by Liu and Li (2006) . Table 2 summarizes these assessment methods. Additionally, we adopted the method used by Bell et al. (2004) to assess the vulnerability of residents in buildings (V r ) in Iceland during debris flows; these values were 0.02, 0.06 and 0.25 for debris flows with return periods of 5, 10, and 50 years, respectively. The life value (V l ) is set at about $0.63 million, as proposed by Liu and Li (2006) for risk analyses of debris flows in Taiwan.
Resilient capacity analysis
Resilient capacity refers to the capacity of individuals or a community to endure and resist disasters. Chen et al. (2005) considered community resilient capacity to be the combined effect of legal right to ask for the disaster prevention budget, disaster prevention and response organization, communication capability, warning capability, the ability to pay for mitigation and disaster prevention education. In other words, it represents how a community is for a disaster. Wang (2005) interviewed community leaders to assess community preparedness for disasters, which included responding, monitoring and communication systems. Wu (2006) improved upon this model using questionnaires given to residents for assessing resilient capacity based on resident responding, monitoring and communication capabilities.
This work places the resilient capacity of a community into two categories including "Resident Capacity" and "Community Resources" using the Analytic Hierarchy Process (AHP). The assessment framework for community resilient capacity consists of five hierarchies proposed by Chen et al. (2009) . The first hierarchy is divided into the two stated categories. For other hierarchies, the categories can be subdivided into several subcategories. The proposed assessment method is as follows:
1. The category of "Resident Capacity" is divided into three subcategories of capabilities that residents possess to resist disasters, including responding, monitoring and communication. The assessment was conducted using resident questionnaires (Wu, 2006) . The score assigned to each question was in the range of 0 and 1; a high score indicates a high capability of resisting disasters.
the corresponding total weight. The sum of the adjusted scores for all questions of a category is the assessment score for that category, i.e., "Resident Capacity" or "Community Resources."
4. Finally, the sum of the adjusted scores for all questions is the score for the entire community's resilient capacity. The value is in a range of 0 to 1.
Risk analysis
The risk value (R) was calculated based on the analytical results for hazard, vulnerability, and resilient capacity. Vulnerability is divided into property loss and life loss, and risk is similarly divided. In addition, resilient capacity only accounts for the reduction of life loss due to the resilient capacity of residents; it cannot be combined with the property loss calculation because of the immobile risk elements. Therefore, the risks of property and life losses should be analyzed individually. Expected property loss (EL property ) for an element can be calculated as the product of damage factor (DF) and value of the element (V e ), as expressed by Eq. (1). Expected life losses (EL life ) can be calculated based on damage factor (DF), value of life (V l ), vulnerability of residents in buildings (V r ), and resilient capacity (C), as expressed by Eq. (2).
Expected loss maps were developed to show the spatial distribution of expected loss in an affected area to prioritize risk reduction tasks. These maps can also be used to identify the changes of expected loss due to the installation of mitigation structures and the implementation of evacuation measures. Further, expected loss maps demonstrate that mitigation structures may not ensure absolute safety. Risk in this study is defined as the product of the occurrence probability of debris flows (P d ) and expected losses, such that annual risk for a debris flow event (R event ) is calculated using Eq. (3). In Eq. (3), P d is the occurrence probability of debris flows. Alternatively, annual risk is calculated as the expected losses divided by the recurrence interval.
The event losses for different recurrence probabilities can be used to establish the loss frequency function (Peter, 2003) . Total annual risk (R total ) is calculated by integrating the frequency function; reduced total annual risk is the benefit of the reduction program.
Benefit-cost analysis of the risk reduction program
Cost effectiveness analysis (CEA) and benefit-cost analysis (BCA) can be applied to evaluate a risk reduction program. Notably, CEA provides information about whether a given program is more cost-effective than others, but not about whether it contributes to an increase in resident welfare (Groot et al., 2004) . Conversely, BCA can assess the shifts in resident welfare. Fuchs et al. (2007b) applied CEA and BCA to evaluate alternative programs for avalanche risk reduction. Their analytical results suggested a close approximation to the economic and cost efficiencies of the risk reduction program applied, including a reduction of fatality risk. A program with a benefit-cost ratio exceeding 1.0 is considered to be economically efficient. Reduced total annual risk can be achieved by mitigation structures, delimitation of the Designated Soil and Water Conservation Area and evacuation measures; this reduced risk is considered to be the protection benefit. This benefit can be calculated as total annual risk prior to the implementation of reduction programs minus the risk after implementation. To be conservative, we assumed that the residents took no evacuation actions during the events prior to the implementation of reduction programs. In other words, resilient capacity (C) was zero under this assumption.
The total cost of the risk reduction program cannot be used directly for the benefit-cost analysis. Instead, the total cost of the risk reduction program should be converted into an annual cost (C annual ) using the following equation:
where C annual = annual cost, C primary = total primary cost, i = annual interest rate (%), n = term (year). The benefit-cost ratio for a program can be calculated by dividing reduced total annual risk by the annual cost.
3 Case study
Environmental setting of the Songhe community
The Songhe community is located in Taichung County, Taiwan. At an elevation of about 700 m, it has an annual average temperature of 22 • C and mean annual rainfall of 2807 mm. The Nos. 1 and 2 Torrents pass through the community and can cause dangerous debris flows. The upstream watershed has an elongated shape with the long axis running in the eastwest direction. The watershed area and length are about 375 ha and 4300 m for the No. 1 Torrent, and 55 ha and 1800 m for the No. 2 Torrent, respectively. The watershed has a steep topography with elevations ranging from 640 to 2870 m. Figure 1 shows the torrents and topography of the Songhe community. The geology of the area is characterized by well-developed joints and strata of argillites and sandstones with expose d surfaces often revealing signs of weathering. The area has become increasingly susceptible to debris flows since the Chichi Earthquake in 1999, which caused wide-spread landslides and generated considerable amounts of loose material for debris flows. 
Risk analysis of debris flow disasters
Hazard analysis
Regarding the FLO2D model parameters used in the analyses, for the input triangular hydrograph the times of concentration are about 31 min and 17 min for the Nos. 1 and 2 Torrents, respectively; rainfall intensities with different return periods were calculated based on the annual precipitation data. Peak discharges calculated by the rational formula for the 5-, 10-and 50-year return periods were 100.1, 112.1 and 139. The FLO-2D model was then used to simulate depositions for the Nos. 1 and 2 Torrents based on a 10×10 m DTM dataset. The results were used to delineate the red and yellow hazard zones and to determine the corresponding hazard degrees for the Nos. 1 and 2 Torrents (Fig. 2) . Most of the 30 houses buried by debris flows during Typhoon Mindulle in 2004 were within the delineated red zones.
Vulnerability analysis
ArcView (ESRI, 2002) was used to digitize the land-use layer based on 1/5000 orthophotos for estimating the values of elements at risk. The distribution of elements in the hazard zones of the Nos. 1 and 2 Torrents is shown in Fig. 3 . Buildings in this community were mostly twostory reinforced-concrete houses with typical unit values of $72/m 2 and $75/m 2 for the first floor and the second floor, respectively (Taichung County Revenue Agency, 2007) . House values were estimated based on building footprints and a combined unit value of $147/m 2 . Farmland values were estimated based on area and a unit price of $1.75/m 2 , which was in turn estimated based on annual production per unit area and the market price of agricultural products, including The actual number of occupants per house in the area was unavailable. An average of 2.2 occupants per household was estimated based on the number of the houses (394) and total population (848) in the Songhe community (Heping Township Household Registration Office, Taichung County, 2007) . The average number of residents per square meter (P a ) of 0.0275 was calculated according to a typical house size of 80 m 2 based on the entire area of the Songhe community. This number was used with a life value of about $0.63 million and the vulnerability of residents in buildings (V r ) to calculate expected life loss.
Resilient capacity analysis
Community resilient capacity was assessed using questionnaires and checklist results based on the proposed method. These results are shown in Table 3 . The "Resident Capacity" and "Community Resources", have similar weights, indicating that both are equally important. The two most important subcategories are "responding capability" and "responding system". However, since both scores are low, the Songhe community must improve in this regard.
The evacuation measure is based on an early warning system as shown in Table 3 . The levels of the debris flow warning system in Taiwan were classified with respect to a yellow alarm and a red alarm. When the predicted precipitation is greater than the warning threshold (e.g., 300 mm in the study area), a yellow alarm for a debris flow is announced to the affected community, and the local government will advise residents to evacuate. When the actual accumulated precipitation reaches the warning threshold, a red alarm will be announced, and the local government will enforce residents to evacuate. Local policemen and fire fighters also assist residents in evacuation, and those who refuse will be forced to evacuate to safe shelters.
Professional debris-flow volunteers living in the community were also trained to assist the government in providing debris-flow warnings to residents and strengthening the self-rescue ability of the community. The volunteers used simple rainfall gauges and communication equipment to observe the local real-time precipitation and to communicate the situation with the supervisors, relatives or neighbors. 
Risk analysis
The expected property and life losses were calculated using Eqs. (1) and (2), respectively. The expected property loss and expected life loss before the risk reduction program was implemented were summed to obtain expected total losses (Table 4) for events with the 5-, 10-and 50-year return periods. Our analytical results show that as the size of a debris flow increases, the size of the affected area increases and, consequently, expected losses increase. Spatial distributions of expected property loss and expected total loss for the Nos. 1 and 2 Torrents for an event with the 50-year return period are shown in Figs. 4 and 5, respectively. Using expected total losses for events with different return periods in Table 4 , loss frequency curves for both torrents were then drawn, and total annual risks (R total ) were calculated to be $0.72 million and $1.22 million for the Nos. 1 and 2 Torrents, respectively. 
Risk reductions after reduction program implementation
Risk reduction programs, including mitigation structures, delimitation of the Designated Soil and Water Conservation Area and evacuation measures, have been implemented in the Songhe community. Mitigation structures included bank revetments, check dams, and settling basin, whereas evacuation measures included drills for disaster resistance, a monitoring system and participation of professional debris-flow volunteers (SWCB, 2005) (Table 5 ). Among the mitigation structures, the No. 5 check dam is located upstream, whereas the settling basin is located downstream. To assess the effectiveness of the reduction program, the FLO-2D model was applied to simulate hazard zones for the Nos. 1 and 2 Torrents after mitigation structures were installed. Figure 6 shows the spatial distributions of expected total losses, indicating that size of areas in the red and yellow hazard zones were reduced and the paths of debris flow torrents were altered comparing with the pre-installation conditions. The areas of reduced hazard zones were about 6.75 ha and 4.03 ha for the Nos. 1 and 2 Torrents, respectively, and the Torrents for an event with 50-year return period after mitigation structures were installed. The 4 pink line is the boundary of the simulated debris flow deposits in Fig. 2 . 5 corresponding ratios of reduction were 86.87% and 55.43%, respectively. Therefore, the mitigation structures reduced not only expected property loss but also expected life loss. Table 6 shows that after the installation of mitigation structures, total annual risks (R total ) decreased to $0.02 million from $0.72 million for the No. 1 Torrent and to $0.66 million from $1.22 million for the No. 2 Torrent. Figure 7 shows the spatial distributions of expected total loss after the implementation of evacuation measures and indicates that an increase in the resilient capacity of residents decreased the expected life loss and total loss. Additionally, total annual risks (R total ) decreased to $0.42 million from $0.72 million for the No. 1 Torrent and to $0.63 million from $1.22 million for the No. 2 Torrent (Table 6 ). Figure 8 shows the spatial distributions of expected total loss after installation of mitigation structures and the implementation of evacuation measures, suggesting that the size of hazard zones and expected life loss decreased. Notably, Table 6 shows that total annual risks (R total ) decreased to $0.01 million from $0.72 million for the No. to $0.36 million from $1.22 million for the No. 2 Torrent. The delimitation of the Designated Soil and Water Conservation Area avoids possible losses incurred during community development. If the restrained expansion strategy was not implemented, buildable land in hazardous areas may have been developed as buildings. When all buildable land was developed as houses, the spatial distributions of maximum expected total loss were as showed in Fig. 9 , and the total annual risks (R total ) increased to $0.78 million from $0.72 million for the No. 1 Torrent and to $2.21 million from $1.22 million for the No. 2 Torrent.
Benefit-cost analysis of the reduction program
Total annual risks were analyzed for the following scenarios: no mitigation structures and no evacuation measures; mitigation structures alone; evacuation measures alone; and mitigation structures with evacuation measures. The results are shown in Table 6 .
Total primary cost of mitigation structures and evacuation measures in the Songhe community are shown in Table 5 (SWCB, 2006) . Interest rate (i) was set at 0.06 according to the common use of watershed comprehensive treatment programs in Taiwan (Huang, 1992; Chou, 1998; Shen, 2006; Taipei Water Management Office, 2006; Soil and Water Conservation Bureau, 2006) . The life term (n) of mitigation structures was defined as 10 years because of the severe and highly frequent debris flow disasters in Taiwan, and the life term of the evacuation measures taken as five years because of the decreases of disaster prevention awareness of residents over time. The annual cost of mitigation structures can be calculated for each torrent. However, because evacuation education and training plans in the Songhe community were provided to residents in the entire area, the costs were separated for residents affected by the Nos. 1 and 2 Torrents. Thus, the total costs and benefits of the evacuation measures for the entire area were calculated using benefitcost analysis. Notably, the primary cost of evacuation measures does not include the self-incurred evacuation costs of residents shown in Table 5 . A real-time monitoring system consisting of cameras and a rain gauge was installed to monitor the torrents. Professional debris-flow volunteers were trained to provide debris-flow warnings to residents and to strengthen the self-rescue ability of the community. Training and equipment expenses were on average $746 per volunteer. Total expenditure for the evacuation measures was about $0.12 million as shown in Table 5 ( SWCB, 2007) . The annual cost of the evacuation measures was calculated for the entire area (Table 6 ).
The benefit-cost ratios for mitigation structures and evacuation measures in the Songhe community were calculated. The benefit-cost ratio for mitigation structures exceeded 1 for both torrents with an average of 3.87 (Table 6 ), indicating that the mitigation structures installed were cost-efficient. The benefit-cost ratio of evacuation measures markedly exceeded 1.0, indicating that the evacuation measures were highly beneficial. Mitigation structures require large investments but are capable of reducing the size of hazard zones; conversely, evacuation measures cannot reduce the size of hazard zones but are effective in increasing the resilient capacity of residents. Combining mitigation structures and evacuation measures enhances the benefit with a benefit-cost ratio of 4.38.
Specifically, the risk assessment method, delineating the hazard zones and analyzing the expected losses and resilient capacity of an affected community, can be used to calculate the expected property, life, and total losses and the corresponding risks. Firstly, peak discharges of debris flows were calculated based on the rational formula. Sediment deposition depths were then simulated using the FLO-2D model and the results were used to delineate hazard zones. Secondly, the expected property and life losses were analyzed. The land-use layer was developed by dividing the affected area into element types, including house, farmland, forestland, road, bridge, and river. It was then overlaid with the hazard zone layer to calculate the values of individual elements at risk. The damage factor of an element, defined as the ratio of actual loss to the value of the element, was used to analyze vulnerability of the element. Expected property losses were calculated using the values of elements and damage factors, whereas expected life losses were calculated using life value, damage factor, and vulnerability of residents in buildings. Thirdly, the resilient capacity of community, measured by "Resident Capacity" and "Community Resources," was estimated using data collected from resident questionnaires and community checklists. Expected property and life losses for individual hazard zones were then calculated and the distribution maps were plotted. Frequency curves for expected losses were established for assessing the annual risks. The proposed method was successfully applied to the Songhe community to assess debris flow risks and to evaluate the performance of the risk reduction program, including mitigation structures, evacuation measures and community restrained expansion strategy. Total annual risk decreased to $0.01 million from $0.72 million for the No. 1 Torrent and to $0.36 million from $1.22 million for the No. 2 Torrent after mitigation structures were installed and evacuation measures were implemented. The benefit-cost ratios of mitigation structures for both torrents were found to be greater than 1.0, indicating that the measures were cost-effective. The benefit-cost ratio of the evacuation measures for the entire affected area was markedly greater than 1.0, indicating that the measures were highly beneficial. Mitigation structures require considerable investment but can reduce the size of hazard zones; so the expected property losses and expected life losses decreased simultaneously. The delimitation of the Designated Soil and Water Conservation Area restrained community expansion and decreased possible losses. Evacuation measures were not capable of reducing the size of hazard zones but were effective in increasing the resilient capacity of residents. The evacuation measures used in Taiwan such as the early warning system and professional debris-flow volunteers can also be used worldwide. The risk reduction program for a community, consisting of a combination of mitigation structures and evacuation measures based on restrained expansion, further enhanced benefits with a benefitcost ratio of 4.38.
